Influenza A virus of the H2 subtype caused a serious pandemic in 1957 and may cause similar outbreaks in the future. To assess the evolution and the antigenic relationships of avian influenza H2 viruses, we sequenced the haemagglutinin (HA) genes of H2 isolates from shorebirds, ducks and poultry in North America and derived a phylogenetic tree to establish their interrelationships. This analysis confirmed the divergence of H2 HA into two geographical lineages, American and Eurasian. One group of viruses isolated from shorebirds in North America had HA belonging to the Eurasian lineage, indicating an interregional transmission of the H2 gene. Characterization of HA with a monoclonal antibody panel revealed that the antigenicity of the Delaware strains differed from the other avian strains analysed. The data emphasizes the importance of avian influenza surveillance.
Influenza is a re-emerging epidemic disease, and during the last century there have been several human pandemics. Three influenza virus subtypes, H1N1, H2N2 and H3N2, were associated with these pandemics. Seroarcheological data suggest that H2 influenza virus was responsible for the influenza pandemic of 1889-1890 (Mulder & Masurel, 1958) . There are no indications that influenza A viruses of the H2 subtype circulated in the human population during the 20th century until 1957, when there was a serious H2 influenza pandemic. The pandemic virus had haemagglutinin (HA), NA and PB1 genes derived from an H2N2 avian precursor ; the remainder of its genes were derived from an H1N1 virus that Fax j7 095 5165314. e-mail finmed!glasnet.ru circulated in the human population before 1957 Scholtissek et al., 1978) .
Influenza viruses of the H2 subtype circulated in the human population until 1968, after which they continued to be detected in avian populations (Tumova et al., 1975 ; Shortridge, 1979 ; Sinnecker et al., 1983 ; Wright et al., 1992) . Most H2N2 viruses in wild and domestic birds are antigenically closely related to the viruses that circulated in the human population between 1957 and 1968, suggesting that viruses similar to the progenitor of the Asian\57 pandemic are still circulating in birds (Schafer et al., 1993) . Serological data showed that the percentage of detection of anti-H2 antibodies in the sera of adults was low, and no anti-H2 antibodies were detected in the sera of children (Govorkova et al., 1993) . These facts emphasize the importance of periodical surveillance of avian H2 influenza viruses and elucidation of the phylogenetic and evolutionary relationships among present and previously known avian H2 influenza viruses.
The two distinct lineages of avian H2 influenza viruses, American and Eurasian, are distinguished by their geographical origins (Schafer et al., 1993) . One virus isolated in the USA, A\Herring gull\Delaware\677\88, has been shown to belong to the Eurasian lineage, but that single observation could not be conclusively interpreted. To elucidate the evolutionary characteristics of recently isolated avian viruses of the H2 subtype, we investigated the antigenic and phylogenetic relationships among recent and previously described avian influenza H2 viruses.
The viruses used in these studies (Table 1) were obtained as part of surveillance programs in the northeastern part of the USA and in Alberta, Canada, or from the virus repository at St Jude Children's Research Hospital, Memphis, TN, USA. The shorebird and gull viruses were isolated from samples collected annually in mid-May from the Delmarva Peninsula region of the USA between 1985 and 1998 (Kawaoka et al., 1988) . Influenza viruses from migratory ducks were isolated between 1977 and 1997 from samples collected annually in late July to early September in Alberta, Canada (Sharp et al., 1993 
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were propagated at low m.o.i. in the allantoic cavity of 11-dayold embryonated chicken eggs. Phylogenetic analysis was based on the nucleotide sequences of 15 newly sequenced HA genes (HA1 subunit) and the previously sequenced HA genes of avian H2 viruses (Table  1) . The sequences were determined by reverse transcription (Huddleston & Brownlee, 1982) , and PCR direct sequencing was performed by the Centre for Biotechnology at St Jude Children's Research Hospital by using dye-terminator CycleSequencing Ready-Reaction kits with AmpliTaq DNA polymerase FS (Perkin-Elmer, Applied Biosystems). Sequence data of each gene were analysed by the Wisconsin Package version 9.0, Genetics Computer Group, Madison, WI, USA. Phylogenetic analysis of new sequences, together with sequences from GenBank, was performed by a combination of the Neighbour-Joining method (Saitou & Nei, 1987) for detection of distances and the Maximum-Parsimony method (Fitch, 1970) for generation of a phylogenetic tree using PHYLIP (the PHYLogeny Inference Package) version 3.57c. The phylogenetic tree is rooted to the H5 HA1 sequence from A\Chicken\Pennsylvania\1\83 (H5N1) (J04325) because of the high similarity (74 %) between H2 and H5 serotypes (Air, 1981 ; Nobusawa et al., 1991) .
The phylogenetic tree (Fig. 1) confirms the divergence of H2 influenza A viruses into two distinct geographical lineages : American and Eurasian. All newly sequenced HA1 genes from domestic poultry were of the American lineage. However, a large group of recent American isolates from shorebirds in Table 1 .
DBGI
Delaware Bay belonged to the Eurasian lineage. As reported previously (Schafer et al., 1993) , the A\Herring gull\ Delaware\677\88 strain isolated in Delaware Bay also is of the Eurasian lineage. Together, the viruses isolated in Delaware Bay composed a divergent sublineage in the Eurasian section of the tree. All of these viruses were isolated from seabirds (gulls and shorebirds). Interestingly, two viruses previously isolated from gulls in North America (A\Gull\Maryland\ 19\77 and A\Laughing gull\New Jersey\75\85) were of the American lineage but diverged from other isolates of that lineage. A\Peking duck\Potsdam\1689-4\85 was the Eurasian virus most closely related to the group of American viruses with Eurasian HA. These data suggest that Eurasian H2 was transmitted from Eurasian to American avian hosts.
The rates of evolution were determined from the nucleotide sequences of the HA1 of H2 influenza viruses using GeneDoc (Multiple sequence alignment editor and shading utility version 2.3000, 1997) for statistical analysis of the relationships between pairs of sequences. In the Delaware Bay group of viruses, the evolution rate was 2n47p0n23 nucleotide substitutions per year, a rate significantly greater than that of the Eurasian viruses (1n57p0n23 substitutions per year) but less than that of the American viruses (3n8p0n5 substitutions per year). The differences are statistically significant at P 0n05. In the group of Delaware Bay viruses, 34n5 % of all nucleotide substitutions led to amino acid replacements. In the American lineage, 25n6 % of nucleotide substitutions resulted in amino acid replacements, and in the Eurasian lineage, 20n4% of nucleotide substitutions resulted in amino acid replacements. Thus, although the Delaware Bay group falls between the Eurasian and the American viruses in the rate at which it acquires nucleotide substitutions, it has the highest percentage of nucleotide substitutions that result in amino acid changes. In the human H2 viruses having circulated in 1964-1968 (A\Korea\426\68, A\Izumi\5\65, A\Berlin\3\64, A\Berkeley\1\68), a comparable percentage (35n7%) of nucleotide substitutions led to amino acid changes.
As shown previously, human influenza viruses evolve rapidly because of the pressure of the neutralizing antibodies of the host (Both et al., 1983) . Avian species produce humoral and cell-mediated responses to influenza virus infection, but their antibody responses are short-lived (Kida et al., 1980) ; moreover, a large number of young susceptible birds are produced every year, eliminating the immune pressure among avian viruses. The high rate of HA evolution in Eurasian-type American H2 viruses suggests the existence of an unknown positive selection mechanism that favours amino acid changes in the transferred virus, probably connected with the transfer to the new environment. This finding is also at variance with our earlier findings of evolutionary stasis among influenza viruses in their natural reservoirs (Webster et al., 1992) and indicates that this may not apply to all aquatic birds.
The higher percentage of amino acid replacements in the HA of the Delaware group of viruses may lead to changes in their antigenic reactivity pattern. To investigate this possibility, haemagglutination titrations and haemagglutination inhibition (HI) assays were performed as previously described (Rogers et al., 1983) . Ascitic fluids from mice containing monoclonal antibodies (MAbs) to the HA of the H2 influenza subtype (Yamada et al., 1984) were used in the HI tests. The HA of avian viruses isolated in North America demonstrated two patterns of reactivity with the panel of MAbs (Table 2) . However, the antigenic and phylogenetic groups did not coincide. The American viruses react with most MAbs in the panel. In contrast, the Delaware Bay (shorebird and gull) viruses reacted with only two or three MAbs. This pattern of reactivity, which had been reported earlier for one Delaware Bay shorebird strain (A\Herring gull\Delaware\677\88), extended to all of the four shorebird viruses characterized. However, the Delaware Bay strains are not unique in this respect. One Eurasian strain, A\Duck\GDR\72, and one American strain, A\Chicken\New York\29878\91, had shown a similar pattern of reaction (Schafer et al., 1993) . 
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The disparity between the antigenic and phylogenetic groupings suggests that most of the amino acid replacements have not been affecting antigenic specificity. However, the changes at position 137, 189 and 141-144 may be relevant to the antigenic variability of the H2 subtype. These substitutions are located in antigenic sites A and B as outlined for the 3D structure of H3 (Wiley et al., 1981) .
Several influenza A virus HA subtypes comprise geographically separate lineages (Garcia et al., 1997 ; Donis et al., 1989) . These lineages may have emerged because of nonoverlapping migration routes. Most wild birds follow North-South migration routes that are separate for each hemisphere. Further, the birds that migrate across the Atlantic do so at times when North-South migrations are over. For example, the Canadian terns and gulls that cross the Atlantic (Curry-Lindahl, 1975) arrive in Europe after the European birds have migrated to Africa. On rare occasions, unusual weather conditions may bring the two populations into contact, allowing the interregional transmission of viruses. Turnstones, which are pelagic birds and whose migration is not fully resolved, may play a role in this transmission (Curry-Lindahl, 1975) . However, such occasional transmissions would be unlikely to lead in each case to circulation of the transferred virus ; otherwise, the phylogenetically distinct lineages would not have arisen. The circulation of Eurasian H2 virus in the Delaware shorebirds for at least 10 years does not necessarily suggest the existence of some specific, as yet unknown, conditions in the area that favour the virus : new Eurasian-type H2 viruses may be circulating in other parts of America as well. All of the sequenced H2 viruses isolated from gulls in other parts of America were isolated earlier than 1988. The first Delaware Eurasian-type virus was isolated in 1988. If the transfer occurred not long before 1988, it is possible that the Eurasiantype viruses are in fact not restricted to Delaware Bay but are instead restricted to shorebirds and gulls (Kawaoka et al., 1988) .
H2 virus is the only pandemic influenza virus subtype that has not circulated in the human population for the last 30 years. Therefore, the probability that H2 viruses will reappear in humans may be high. It is generally accepted that the 1957 and 1968 influenza pandemics were produced by reassortant human strains with HA genes that originated from avian influenza viruses. Although the details of the transfer of Eurasian H2 virus strains to North America are not yet clear, the existence of this transfer has important implications. The Eurasian avian influenza virus strains are those most closely related to human H2 viruses (Schafer et al., 1993) and are potential sources of genes for future pandemic influenza strains. These are compelling reasons for the further study and surveillance of avian H2 strains circulating in the Americas.
